To investigate the role of the Maillard reaction in the pathogenesis of diabetic complications, we produced several clones of monoclonal antibodies against advanced glycation end products (AGEs) by immunizing mice with AGE-modified keyhole limpet hemocyanin, and found that one clone (AG-1) of the anti-AGE antibodies reacted specifically with imidazolones A and B, novel AGEs. Thus, the imidazolones, which are the reaction products of the guanidino group of arginine with 3-deoxyglucosone (3-DG), a reactive intermediate of the Maillard reaction, were found to be common epitopes of AGE-modified proteins produced in vitro. We determined the erythrocyte levels of imidazolone in diabetic patients using ELISA with the monoclonal anti-imidazolone antibody. The imidazolone levels in the erythrocytes of diabetic patients were found to be significantly increased as compared with those of healthy subjects. Then we studied the localization of imidazolone in the kidneys and aortas obtained from diabetic patients by immunohistochemistry using the antibody. Specific imidazolone immunoreactivity was detected in nodular lesions and expanded mesangial matrix of glomeruli, and renal arteries in an advanced stage of diabetic nephropathy, as well as in atherosclerotic lesions of aortas. This study first demonstrates the localization of imidazolone in the characteristic lesions of diabetic nephropathy and atherosclerosis. These results, taken together with a recent demonstration of increased serum 3-DG levels in diabetes, strongly suggest that imidazolone produced by 3-DG may contribute to the progression of long-term diabetic complications such as nephropathy and atherosclerosis. ( J. Clin. Invest. 1997. 99:1272-1280.)
Introduction
Glucose reacts nonenzymatically with protein amino groups to initiate glycation, the early stage of the Maillard reaction. This process begins with the conversion of reversible Schiff base adducts to stable, covalently bound Amadori rearrangement products. The levels of the Amadori products on numerous proteins are elevated in proportion to the degree of hyperglycemia in diabetes mellitus. In the intermediate stage of the Maillard reaction, the Amadori products can then undergo multiple dehydration and rearrangements to produce highly reactive carbonyl compounds such as 3-deoxyglucosane (3-deoxy-D -erythro-hexos-2-ulose, 3-DG) 1 (1-4) ( Fig. 1) , which reacts again with free amino groups, leading to crosslinking and browning of the proteins via the formation of advanced glycation end products (AGEs) in the late stage of the Maillard reaction. Several compounds such as N ⑀ -(carboxymethyl)-L -lysine (CML) (5), pyrraline (6) , pentosidine (7) , and crosslines (8) have been proposed as candidates for the structure of AGE.
The modification of long-lived proteins with AGEs has been hypothesized to contribute to the development of pathologies associated with diabetes mellitus (9) (10) (11) (12) , aging (13) , dialysis-related amyloidosis (14) (15) (16) (17) (18) , and Alzheimer disease (19) (20) (21) . The in vivo presence of AGEs has been demonstrated in hemoglobin (12) , lens crystalline (13), ␤ 2-microglobulin ( ␤ 2m) (14) (15) (16) (17) (18) , ␤ -amyloid peptide and tau protein (19) (20) (21) . It has also been shown that AGE peptides accumulate in the circulation of diabetic and nondiabetic patients with uremia (22, 23) . Immunohistochemistry using antipyrraline antibody (24) and anti-AGE antibody (25) showed that pyrraline and AGE have been reported to be localized in the extracellular matrix of sclerosed glomeruli from diabetic patients with advanced nephropathy.
Incubation of 3-DG with proteins leads to the formation of pyrraline (26) and pentosidine (27) , which have been identified in human tissue proteins such as collagen and lens proteins. 3-DG has also been suggested to be a hydrolysis product of fructose-3-phosphate, which was identified in the lens of diabetic rats (28) . These data suggest that the formation of 3-DG can occur during the Maillard reaction in vivo and be involved in the development of diabetic complications. Recently, we developed a sensitive and specific gas chromatography/mass spectrometry using a stable isotope dilution method for measuring 3-DG in human serum, and found that serum 3-DG levels were elevated in both diabetic (29) and uremic patients (17, 30) .
Recently, imidazolone compounds have been isolated from the incubation mixture of 3-DG and an arginine derivative as novel AGEs (31, 32) . It has been reported that 3-DG first attacks arginine residues in proteins, and then reacts with the lysine residues under physiological conditions at 37 Њ C, pH 7.4 (1, 2). We produced several clones of monoclonal anti-AGE 
antibodies and found that one of the antibodies specifically reacted with imidazolones.
In this study, we provide the first immunohistochemical demonstration of imidazolone in renal and aortic tissue sections from diabetic patients using the monoclonal anti-imidazolone antibody we had produced.
Methods
Patients. Blood samples were obtained using heparinized tubes from 33 diabetic patients and 10 healthy subjects. The blood sample (5 ml) was centrifuged to separate erythrocytes from plasma. After removing plasma, the erythrocyte fraction was stored at Ϫ 20 Њ C until sample preparation for the assay of imidazolone. The erythrocyte levels of imidazolone were measured using ELISA with the anti-imidazolone antibody (AG-1). The erythrocytes were hemolyzed by melting the frozen samples at room temperature.
Kidney tissues were obtained by autopsy from five diabetic patients with nephropathy and three nondiabetic patients without renal disease, and by biopsy from two diabetic patients with nephropathy and seven nondiabetic patients with renal disease. Aortic tissues were obtained by autopsy from eight diabetic patients (five nonuremic and three uremic) and nine nondiabetic patients (four nonuremic and five uremic).
In vitro preparation of AGE-modified proteins and lysine analog, and known AGE structures. AGE-modified keyhole limpet hemocyanin (AGE-KLH), AGE-modified human serum albumin (AGE-HSA), AGE-modified bovine serum albumin (AGE-BSA), and AGE-modified ␤ 2m were produced by incubating KLH (20 g/liter), HSA (100 g/liter), BSA (100 g/liter), or ␤ 2m (100 mg/liter) (all from Sigma Chemical Co., St. Louis, MO), respectively, at 37 Њ C for 1 mo (HSA, BSA, ␤ 2m) or 3 mo (KLH) with 1 M glucose in 0.2 M phosphate buffer, pH 7.4, containing 0.02% NaN 3 . 
-L -lysine-methyl ester (Tos-CMLMe) was synthesized as reported by us (18) . CML derivative of BSA (CML-BSA) was synthesized as reported by Kato et al. (33) . Pentosidine was synthesized according to the method of Sell and Monnier (7) . Caproyl pyrraline was synthesized according to the method of Hayase et al. (26) . Tos-CML-Me, pentosidine, and caproyl pyrraline were confirmed to be pure using nuclear magnetic resonance spectrometry and mass spectrometry.
In vitro preparation of imidazolone compounds. Production of monoclonal anti-imidazolone antibody. Monoclonal anti-AGE antibodies were produced by immunizing mice with AGE-KLH as described in detail in the previous paper (16) . The antibodies in the culture medium were cloned by sandwich ELISA using antimouse IgG antibody-coated plate, AGE-HSA, and peroxidase-labeled anti-HSA antibody, and then two monoclonal clone types of anti-AGE antibodies (AG-1 and AG-10) were raised. Recently, the epitope of AG-10 has been found to be CML (18) . 
Sample preparation for ELISA of imidazolone in erythrocytes.
Hemolyzed solution (100 l) was mixed with distilled water (300 l) and toluene (300 l). After centrifugation at 1,500 g for 30 min, the supernatant lipid layer was removed. The water layer was reduced with 50 mM NaBH 4 solution at 37 Њ C for 1 h. After cooling with ice for 7 min, TCA (1.2 ml) was added to the reduced solution and kept cool with ice for 30 min. After centrifugation at 1,500 g for 45 min, the supernatant was removed and the precipitated protein was dissolved by adding 0.1 M NaOH (0.45 ml) at 4 Њ C for 2 d. After neutralizing the solution with 0.5 M boric acid, the neutral solution was diluted two or four times with PBS, and then the diluted solution (25 l) was assayed for imidazolone using competitive ELISA. The protein concentration of the solution was measured by the Lowry method. Then the imidazolone content was expressed as arbitrary units per milligram protein.
Competitive sandwich ELISA of imidazolone. Sample solution (25 l) or standard AGE-HSA (0-200 mg/liter) was incubated at room temperature for 1 h in AGE-HSA (0.01 g/liter)-coated microplate with PBS containing 0.25% BSA (50 l) and peroxidase conjugated anti-AGE antibody (AG-1). After washing four times with PBS, o -phenylenediamine (100 l) was added to the microplate. Reaction was stopped by adding 1.6 M H 2 SO 4 (100 1), and absorption at 492 nm was measured using 620 nm as control.
Immunohistochemical detection of imidazolone in renal tissues and aortas. Immunostaining of imidazolone in renal tissue sections was conducted using the streptavidin-biotinylated peroxidase complex method with the biotin-labeled monoclonal anti-imidazolone antibody (AG-1). The biotin-labeled monoclonal antibody was produced using a protein biotinylation module (Amersham International, Little Chalfont, UK). The antibody (1 mg) in bicarbonate buffer (pH 8.6) was reacted with N -hydroxysuccinimide-biotin by mixing at room temperature for 1 h, and consequently the mixture was applied on a Sephadex G-25 column in PBS containing 1% BSA. The biotin-labeled antibody was collected by eluting with 5 ml PBS and monitoring ultraviolet absorbance at 280 nm.
The tissue specimens were divided into thin sections (l-m thick) that were then deparaffinized. The sections were washed with PBS for 20 min. The sections were treated with 0.01-1% pronase (Merck, Darmstadt, Germany) in distilled water at 37 Њ C for 30 min, and washed thrice with PBS. Then the sections were incubated with the biotin-labeled monoclonal anti-imidazolone antibody (AG-1) (5 g/ ml) dissolved in PBS containing 3% BSA at 4 Њ C overnight, and washed thrice with PBS. Endogenous peroxidase activity was blocked by incubating the sections with 0.3% H 2 O 2 in methanol for 20 min at room temperature. The sections were washed thrice with PBS, and then incubated with peroxidase-labeled streptavidin (Nichirei, Tokyo, Japan) at 37 Њ C for 30 min. After washing thrice with PBS, the reaction was completed by the addition of diaminobenzidine-H 2 O 2 solution for 15 min. After washing with PBS, the slides were counterstained with methylgreen.
Imidazolone in aortic tissues was studied using the peroxidaseantiperoxidase method with monoclonal anti-imidazolone antibody as reported by us (16) . The tissue specimens were divided into thin sections that were then deparaffinized. The sections were washed with PBS for 20 min. Endogenous peroxidase activity was blocked by incubating the sections with 0.3% H 2 O 2 in methanol for 5 to 30 min. The sections were washed with PBS and incubated with 5% normal rabbit serum in PBS at 37 Њ C for 20 min. After removing the normal rabbit sera, the sections were incubated with either monoclonal antiimidazolone antibody (AG-1), or monoclonal anti-CD68 antibody (DAKOPATTS, Copenhagen, Denmark) at 4 Њ C overnight. The sections were washed with PBS and incubated with the second antibody, rabbit polyclonal anti-mouse immunoglobulin antibody (Zymed Laboratories, Inc., San Francisco, CA), at 37 Њ C for 60 min. After washing thrice with PBS, the sections were incubated with mouse polyclonal peroxidase-anti-peroxidase complex (Nordic Immunological Laboratories, Netherlands) at 37 Њ C for 30 to 60 min. After washing thrice with PBS, the reaction was completed by the addition of diaminobenzidine-H 2 O 2 solution for 5 to 30 min. After washing with PBS, the slides were counterstained with hematoxylin.
In these experiments, the slides were read by a pathologist in a blinded fashion and scored on a semiquantitative scale (zero to ϩϩϩ ) according to the degree of positive staining.
Results

Characterization of monoclonal anti-imidazolone antibody.
The reactivity of the anti-AGE antibody (AG-1) with reduced AGE-HSA, AGE-BSA, or AGE-␤ 2m was studied using the competitive ELISA. Fig. 3 shows the reactivity of the monoclonal anti-AGE antibody (AG-1) with the AGE-modified proteins, demonstrating that the anti-AGE antibody recognizes a common epitope of AGE-modified proteins. That the anti-AGE antibody was unreactive with early Amadori glycation products was confirmed by the observation that sodium borohydride reduction, which alters the Amadori product epitope, did not affect the reactivity of the antibody to AGE-HSA once formed. However, the anti-AGE antibody did not react at all with Tos-CML-Me, CML-BSA, caproyl pyrraline, or pentosidine. The anti-AGE antibody also did not react with the incubation solution of lysine and glucose, the major product of which was CML. Thus, the anti-AGE antibody was demonstrated to not react with Amadori products, nor wellknown AGE structures like CML, pyrraline, or pentosidine.
The epitope of the anti-AGE antibody (AG-1) was found to be imidazolone, since the antibody reacted with imidazolone A, imidazolone B, and the incubation solution of 3-DG and Benz-Arg-amide, but did not react with 3-DG or BenzArg-amide (Fig. 4) . The antibody did not react with the incubation solution of 3-DG and Tos Lys-Me, the major product of which was CML. The antibody reacted with the incubation solutions of 3-DG and arginine, but did not react with the incubation solutions of the other 1,2-dicarbonyl compounds (glyoxal or methylglyoxal) and arginine. These results demonstrate that the epitope of the antibody is the imidazolone ring coupling with at least a partial structure of 3-DG, and that the direct precursor of imidazolone is 3-DG, but not the other dicarbonyl compounds (glyoxal or methylglyoxal).
Levels of imidazolone in erythrocytes of diabetic patients. Table I shows the erythrocyte levels of imidazolone measured by an ELISA using the monoclonal anti-imidazolone antibody (AG-1). The erythrocyte levels of imidazolone were significantly elevated in the diabetic patients as compared with the healthy subjects. The erythrocyte levels of imidazolone in the diabetic patients did not show any significant correlation with HbA 1c , ( r = 0.22) or serum fructosamine ( r = 0.25).
Immunohistochemical detection of imidazolone in renal tissues from diabetic patients with nephropathy. Fig. 5 demonstrates the presence of imidazolone in the glomeruli (Fig. 5, A -D ) and renal artery (Fig. 5 E ) from diabetic patients (78 and 59 yr old, male) with advanced nephropathy. Immunostaining with antiimidazolone antibody demonstrated that imidazolone was noted especially in the nodular lesions (Fig. 5, A -D ) of the glomeruli, and in the renal arterial wall (Fig. 5 E ) from the diabetic patients. Imidazolone was also noted in a crescent-shaped structure surrounding the ischemic glomerulus as well as in the nodular lesion (Fig. 5 D ) . A normal glomerulus from a nondiabetic patient without renal disease (71 yr old male) did not show any significant deposition of imidazolone as shown in Fig. 5 F . Table II summarizes the immunohistochemical detection of imidazolone in the renal tissues from diabetic patients with nephropathy, nondiabetic patients with the other glomerular diseases, and nondiabetic patients without renal diseases. The diabetic patients with nephropathy showed the localization of imidazolone in the nodular lesions, if present, and widened mesangial areas of the glomeruli and renal arterial walls, but did not show any significant deposition of imidazolone in the fibrinoid caps. On the other hand, the nondiabetic patients did not show any deposition of imidazolone in the glomeruli. However, all the patients regardless of the presence of diabetes showed the deposition of imidazolone in the renal tubular cells, although it was more prominent in the diabetic patients as compared with nondiabetic patients. Fig. 6 A demonstrates the presence of imidazolone in aortic tissues from a diabetic patient (85 yr old male) with atherosclerosis by immunostaining with antiimidazolone antibody. Imidazolone was noted in the intima and media of the aortic tissues. Fig. 6 , B and C demonstrates the cellular localization of imidazolone in CD-68-positive macrophages. Table III summarizes the immunohistochemical detection of imidazolone in the aortic tissues from diabetic and age-matched nondiabetic patients with or without uremia. Atherosclerotic lesions were composed of diffuse intimal thickening, fatty streaks, and/or atherosclerotic plaques. All the atherosclerotic aortas from diabetic and nondiabetic patients showed the localization of imidazolone in the aortic walls. Figure 4 . Competitive ELISA demonstrating the specificity of monoclonal anti-imidazolone antibody (AG-1). The anti-imidazolone antibody reacted with imidazolone A, imidazolone B, the incubation solution of 3-DG with Benz-Arg-amide, and the incubation solution of 3-DG with arginine. However, the antibody did not react with 3-DG, BenzArg-amide, the incubation solution of 3-DG with Tos-Lys-Me, the incubation solution of glucose with TosLys-Me, the incubation solution of glyoxal with arginine, or the incubation solution of methylglyoxal with arginine. These results demonstrate that the epitope of the antibody is the imidazolone ring coupling with at least a partial structure of 3-DG, and that the direct precursor of imidazolone is 3-DG, but not the other dicarbonyl compounds (glyoxal or methylglyoxal). 
Immunohistochemical detection of imidazolone in aortic tissues from diabetic patients.
Discussion
Our results demonstrate that imidazalone, a novel AGE, is present in erythrocytes, renal tissues, and aortic walls from diabetic patients. More notably, imidazolone was localized in the characteristic nodular lesions of diabetic glomerulosclerosis. Since imidazolone was also localized in the atherosclerotic lesions of the aorta from not only diabetic patients but also nondiabetic patients, imidazolone accumulation in the aorta may be associated with the progression of atherosclerosis. CML has been reported to be a dominant AGE antigen in tissue proteins (5), but we consider that imidazolone is another dominant AGE antigen in tissue proteins. Formation of an imidazolone ring was reported in the incubation solution of an arginine residue and methylglyoxal (34). However, our antibody does not react with the incubation solution of arginine and methylglyoxal (or glyoxal), demonstrating that our antibody does not recognize the imidazolone ring alone. Since our antibody reacts with the incubation solution of an arginine residue and 3-DG, the antibody recognizes the imidazolone ring coupling with at least partial structure of 3-DG. In other words, our antibody is specific for 3-DG-derived imidazolone and not for methylglyoxal (or glyoxal)-derived imidazolone. Thus, the imidazolone detected using our antibody was formed by 3-DG but not by methylglyoxal or glyoxal.
Imidazolone contents in the erythrocytes of diabetic patients were significantly elevated as compared with healthy subjects. We found that the erythrocyte levels of 3-DG, the precursor of imidazolone, were markedly high as compared with its serum levels in both healthy subjects and diabetic patients, and that the erythrocyte 3-DG levels in diabetic patients were significantly higher than those in healthy subjects. Thus, the high levels of imidazolone in the diabetic erythrocytes may be due to the high levels of 3-DG in the diabetic erythrocytes. Hemoglobin, a major protein in erythrocytes, may be the dominant protein modified with imidazolone. Thus, imidazolonemodified hemoglobin may be used instead of AGE-hemoglobin for monitoring in vivo AGE formation in diabetic patients, because imidazolone is a chemically identified AGE, but the chemical structure of the epitope of the anti-AGE antibody used for ELISA of AGE hemoglobin (12) has not yet been identified. AGEs have been reported to be associated with diabetic nephropathy. Miyata and Monnier (24) demonstrated using immunohistochemistry with antipyrraline antibody that pyrraline immunoreactivity was detected in sclerosed glomeruli from diabetic patients and in renal arteries with arteriosclerosis. Since pyrraline is formed by reacting 3-DG with lysine, elevated serum 3-DG levels in diabetes may lead to the increased modification of the extracellular matrix proteins with pyrraline in diabetic glomerulosclerosis. Using immunohistochemistry with an anti-AGE antibody, Makino et al. (25) demonstrated the immunostaining of AGEs in mesangium and, most notably, in nodular lesions of advanced diabetic nephropathy. Their findings are consistent with our results. However, the chemical structure of the epitope that their anti-AGE antibody recognizes has not yet been reported. Our study first demonstrates the localization of imidazolone, a chemicallyidentified novel AGE, in the characteristic nodular lesions of diabetic glomerulosclerosis. Since the direct precursor of imidazolone is 3-DG but not the other dicarbonyl compounds (glyoxal or methylglyoxal), the elevated serum levels of 3-DG in diabetes (29) may result in the increased modification of glomerular extracellular matrix proteins with imidazolone. Imidazolone modification of proteins occurs preferentially in nodular lesions composed of types V and VI collagens, since they are sites of slow turnover. The positive immunostaining of tubular cells in almost all the patients regardless of the presence of diabetes may indicate the reabsorbed imidazolone by the tubular cells, although its intensity was more prominent in diabetes.
Administration of aminoguanidine, an inhibitor of AGE formation, retarded the progression of diabetic nephropathy in rat models (35) . Aminoguanidine inhibits AGE formation by reacting with Amadori-derived fragmentation products such as 3-DG, preventing subsequent rearrangement from occurring (36) . Administration of AGE-modified albumin daily to healthy rats led to glomerulosclerosis, and the glomerular lesions were ameliorated by coadministration of aminoguanidine (37) . Taken together with these reports, the increased modification of glomerular extracellular matrix with AGEs such as imidazolone may contribute to the development of diabetic glomerulosclerosis.
Imidazolone was detected in the aortic tissues of not only diabetic but also nondiabetic patients, including uremia. These findings are consistent with the earlier reports that AGEs were associated with atherosclerotic lesions of aorta regardless of the presence of diabetes as demonstrated by immunohistochemistry using polyclonal (38) or monoclonal anti-AGE antibody (39) , although the epitopes of these antibodies have not yet been reported. We consider that imidazolone localization is associated with atherosclerotic lesions because imidazolone was scarcely detected in nonatherosclerotic aortic tissues. Plasma levels of 3-DG are increased in not only diabetic (29) but also uremic patients (17, 30) , accelerating imidazolone modification of tissue and plasma proteins in diabetes and uremia. In fact, we observed atherosclerosis with imidazolone deposition in aortas of younger (50-54 yr old) patients with both diabetes and uremia as compared with those without diabetes or uremia. Long term exposure of tissue proteins with 3-DG even at its normal plasma levels in nondiabetic and nonuremic aged patients also leads to increased tissue levels of imidazolone, accounting for imidazolone deposition in their aortic tissues with atherosclerosis.
Both extracellular and intracellular AGE accumulation in the intimal lesions of aortic atherosclerosis were observed in relation to aging and the progression of atherosclerosis. Intracellular AGE accumulation was detected in macrophages, macrophage-derived foam cells, and smooth muscle cells (39) . We also observed intracellular accumulation of imidazolone in the aortic walls. The imidazolone-positive cells are macrophage or macrophage-derived foam cells because they were positively stained by immunohistochemistry with a monoclonal anti-CD68 antibody. It is not yet known if imidazolone is uptaken by macrophages or foam cells via scavenger receptor, receptor for AGE (RAGE), or the other specific receptor for imidazolone.
AGEs promote endothelial expression of adhesion molecules (VCAM-1, ICAM-1) and consequently atheroma formation (40, 41) . Further, within the aortic wall, AGE-modified proteins covalently trap LDL (42) and inactivate nitric oxide activity (43, 44) , and induce transendothelial monocyte chemotaxis and release platelet-derived growth factor (45) . Plasma levels of AGE-modified LDL are increased in diabetic or uremic patients compared with normal subjects (46). The AGE modification of LDL also initiates its oxidative modification, a process that increases the atherogenicity of LDL by promoting its uptake by macrophage scavenger receptor (47) . Thus, AGEs are considered to play a major role in the pathogenesis of atherosclerosis. Although the effects of imidazolone on these atherogenic activities are not yet known, imidazolone is a chemically-defined novel AGE and its deposition can be used as an index of colocalization of atherogenic AGEs in the aortic tissues.
We found that the serum levels of 3-DG were markedly increased in not only diabetic patients (29), but also nondiabetic dialysis patients (17, 30) . 3-DG first attacks arginine residues in proteins, producing imidazolone modification of proteins. Although reactions of proteins with 3-DG are known to produce pyrraline (26) , pentosidine (27) , and CML (17, 18) , as well as imidazolone (31, 32) , imidazolone is a reaction product most specific for 3-DG among these AGE structures. Thus, immunochemical and immunohistochemical detection of imidazolone may be a good marker for 3-DG-derived AGE modification of proteins in aging, diabetes, and uremia.
